INTRODUCTION

Among
The main objective of this study was to investigate the possible production of PHB from several agro-industrial wastes mainly; date palm syrup (DEPS) and sugar cane molasses. Produced polymer was identified by chemical characterization using FT-IR, C 13 NMR and H 1 NMR spectroscopy. Furthermore, optimization of PHB production by application of six different fed-batch cultivation strategies was closely investigated. Special emphasis was given to the application of statistical experimental design (Plackett-Burman) for optimization of PHB production from DEPS for the first time.
MATERIAL AND METHODS
Microorganism
Group of bacilli previously isolated, maintained and screened for PHB production (Berekaa and Al Thawadi, 2012; Berekaa, 2012), were tested for PHB production from agro-industrial wastes namely; date syrup (DEPS) and sugar cane molasses. The potent PHB producing bacterial strain Bacillus megaterium SW1-2 used in this study was identified by 16S DNA gene analysis as previously reported (Berekaa and Al Thawadi, 2012).
Growth and production conditions
The bacterium was grown in 50mL aliquot of nutrient broth dispensed in 250 mL Erlenmeyer flask and incubated at 37°C for 24h or 48h at (150 rpm). 1.5% inoculums of the overnight culture was used to inoculate modified E2 medium of Bacillus megaterium SW1-2 showed enhanced growth and polyhydroxybutyrate (PHB) production during cultivation on date palm syrup (DEPS) or sugar cane molasses. FT-IR and NMR spectroscopic analyses of the polymer accumulated during growth on DEPS revealed specific absorption peaks characteristic for PHB. 1.65 g/L of PHB (56.9% CDW) was produced during growth on medium supplemented with 2 g/L of DEPS. Approximately, 36.1% CDW of PHB were recorded during growth on sugar cane molasses. Six runs of different fed-batch cultivation strategies were tested, the optimal run showed approximately 6.87-fold increase. Modified E2 medium was prefered recording 10.11 and 11.34 g/L of total PHB produced for runs 1 and 2, at the end of 96 h incubation period, respectively. Decrease in PHB was recorded during growth on complex medium (run 3 and run 4). In another independent optimization strategy, ten variables were concurrently examined for their significance on PHB production by Plackett-Burman statistical design for the first time. Among variables, DEPS-II and inoculum concentration followed by KH2PO4 and (NH4)2SO4 were found to be the most significant variables encourage PHB production. Indeed, DEPS-II or Fresh syrup is more significant than commercial syrup DEPS-I (pvalue= 0.05). RPM, incubation period have highly negative effect on PHB production. Role of ago-industrial wastes, especially DEPS, in enhancement of PHB production was closely discussed.
the following composition (g/L): ammonium sulfate; 2.5, KH2PO4; 1.5, Na2HPO4; 3.5, MgSO4.7H2O; 0.2, traces of yeast extract and 1 mL of trace element solution (FeSO4.4H2O, CaCl2.2H2O, MnSO4.4H2O, ZnCl2 1 mM each) at 37°C. To test the possible production of PHB, date palm syrup (DEPS) or sugar cane molasses was used as a sole carbon source at different concentrations. Two types of date syrup (DEPS) were used in this study, the commercial (DEPS-I) composed mainly of (per 100 g); carbohydrates 55 g (mainly sucrose), vitamin B complex 0.57 mg, calcium 685 mg, phosphate 75 mg, iron 16 mg and magnesium 258 mg) and Freshly prepared date palm syrup (DEPS-II) as following; 500 g of date palm (Khalas from Kaseem province) were placed in 1.5 L dist. water and boiled for 90 min with mixing. At the end of incubation period the extract was filtered in cloth for 3-4 times. Subsequently, the extract kept in oven at 60 o C till net volume of 200 mL. Finally, the fresh date syrup was kept in refrigerator till use. Sugar cane molasses used in this study were obtained from an industrial sugar manufacturing plant, Egypt. Sugar content of molasses was 76% (w/v), and composed mainly of sucrose (62%), and fructose (38%). At the end of incubation period, PHB was determined and the cell dry weight was estimated.
Fed-batch cultivation and PHB production strategies
For optimization of PHB production from date syrup (DEPS), fed-batch cultivation was applied. During fed-batch cultivation, two different feeding strategies were applied. The first pulsed feeding of DEPS-I was carried out after 24 and 60 h time intervals, while the second was performed after 48 and 84 h, respectively, with final concentration of 15 g/L. Furthermore, three basal media were tested in this study namely; modified E2 medium, nutrient broth medium and a mixture of nutrient broth and modified E2 medium (50% w/w each) with the sum of six different fed-batch cultivation strategies (run 1 to run 6). In each experiment, sample was taken during different time intervals, PHB was determined and the cell dry weight was estimated.
Extraction of PHB from the isolate
PHB was extracted from the cell masses by using modified hypochlorite method as previously described (Rawte and Mavinkurve, 2002; Berekaa and Al Thawadi, 2012).
Analytical procedures
Cell dry weight
After centrifugation of the culture medium, supernatant was discarded and cell pellet was washed with distilled water. The washed pellet was resuspended in 1 mL distilled water, transferred to pre weighed boats and dried to constant weight at 60 o C.
Chemical analysis of polymer
Characterization of PHB by FT-IR
The presence and characterization of PHB in dry cell matter was confirmed by Fourier Transform Infrared Spectroscopy (FT-IR) (Hong et al., 1999). Dry PHB polymer from B. megaterium SW1-2 was used to prepare KBr discs. Spectra between 400 and 4000 cm −1 were recorded using Nicolet 6700 FTIR spectrometer from the Nicolet Instrument Corporation, USA. 
Characterization of PHB by
Fractional factorial design
Plackett-Burman experimental design
Screening design namely; Plackett-Burman experimental design was applied to investigate the significance of various medium factors on PHB production (Plackett and Burman, 1946). 10 chemical and environmental independent variables were examined in two levels: -1 for low and +1 for high level based on Plackett-Burman design (Table 1 ). According to the matrix shown in Table 2 , the independent variables were screened in 14 combinations. The main effect of each variable is the difference between average of measurements at high setting (+1) and average of measurements observed at low setting (-1) of that factor. PlackettBurman experimental design was based on the first order model (Equation 1):
Y=β0+Σ βiXi (1) Where, Y is the predicted response, β0 and βi are constant coefficients, and Xi is the coded independent variables estimates or factors. The quality of fit of the polynomial model equation was expressed by the coefficient of determination R 2 . Table 1 Variables and their settings employed in Plackett-Burman design for optimization of PHB production by Bacillus megaterium SW1-2 during growth on date syrup or DEPS.
Medium Composition
Levels
-1 1 Table 2 Effect of different environmental conditions on PHB production from Bacillus megaterium SW1-2 during growth on date palm syrup or DEPS
Exp.
No. 
DEPS-I (%)
DEPS-II (%) (NH4)2SO4 (g/L) Yeast Extract (g/L) Na2HPO4 (g/L) KH2PO4 (g/L) Inoculum (%)
Statistical analysis of the data
Data of the PHB production were subjected to multiple linear regressions using MICROSOFT EXCEL 97 to estimate t-value, P-value and confidence level. The significance level (P-value) was determined using the Student's t-test. Factors having highest t-value and confidence level over 95% were considered to be highly significant on PHB production. Data presented in this study measured in duplicate.
RESULTS AND DISCUSSION
Growth of Bacillus megaterium SW1-2 on date syrup (DEPS) Among a group of polyhydroxybutyrate-producing bacilli explored for potential production of PHB biopolymer from an agro-industrial waste namely; date palm syrup (DEPS), Bacillus megaterium SW1-2 showed potent growth on DEPS or date syrup as a sole source of carbon. Elemental analysis revealed that 70% of the polymer accumulated during growth on date syrup or DEPS was carbon (data not shown).
PHB accumulation by Bacillus megaterium SW1-2 cultivated on DEPS-I
For economic visibility of PHB biopolymer production by B. megaterium SW1-2 date syrup or DEPS was used as a natural carbon source. Monitoring of PHB accumulation in presence of different DEPS concentrations was carried out. Data shown in Figure 1 indicated 
PHB accumulation by Bacillus megaterium SW1-2 cultivated on Molasses
In a trial to use other low-cost substrates for PHB production, B. megaterium SW1-2 allowed to grow on sugar cane molasses. Results revealed that B. megaterium SW1-2 showed clear growth and PHB accumulation during cultivation on modified E2 medium supplemented with sugar cane molasses as a sole carbon source (Figure 2 ). It revealed that 5 g/L of sugar cane molasses was the optimal concnetration for PHB production by 
H 1 NMR and C 13 NMR spectroscopy
Furthermore, analysis of extracted polymer by H 1 NMR revealed three groups of distinctive signals of the PHB polymer. A doublet at 1.22 and 1.25 ppm represent methyl group (-CH3) coupled to one proton and 2.28 ppm resulted from methylene group (-CH2) adjacent to an asymmetric carbon atom. The third signal was at 5.2 ppm attributed to a methyne group (-CH). Furthermore, C 13 NMR analysis was used to determine the structure of the isolated polymer from B. megaterium SW1-2 grown on the modified E2 medium. Four narrow lines appeared which were identical to the C 13 NMR spectra of PHB (Doi and Abe, 1990). The four peaks assigned for methyl (CH3; 21.2 ppm), methylene (CH2; 42.7 ppm), methine (CH; 68.5 ppm) and carbonyl (C=O; 169.7 ppm) carbon resonance of PHB (Doi and Abe, 1990). Analysis collectively confirmed the molecular composition of the polymer to be PHB.
Fed-batch cultivation and application of different pulsed feeding strategies
Since PHB is a carbon-based biopolymer, it depends mainly on the nature and concentration of carbon source during synthesis and accumulation. Unfortunately, longer incubation period during batch cultivation leads to nutrient limitations especially for C-source, hence fed-batch cultivation may provide promising solution. In this study commercial date syrup or DEPS-I was added in two pulsed feeding experiment. Results presented in figure 3 indicated that fedbatch cultivation can be used as successful strategy to optimize PHB production by Bacillus megaterium SW1-2 especially when using 48 h (runs 6 and 4) and 84 h (runs 2 and 4) pulsed feeding process. Modified E2 medium was preferred for PHB accumulation, recording total amount of 10.11 and 11.34% CDW of PHB for run1 and 2 after 96 h cultivation, respectively. On the other hand, the lowest amount of PHB accumulated, 8.93% and 9% CDW of PHB during use of complex nutrient broth medium and applying the two different pulsed feeding processes run 3 and run 4, respectively. Surprisingly, there was general trend of increase in PHB production after feeding process and the total amount of PHB after fed-batch cultivation for 96 h recorded 6.86-fold increase in comparison to batch cultivation. Albuquerque et al. (2007) developed several strategies for polyhydroxyalkanoate (PHA) production from sugar cane molasses. They reported that beet molasses successfully replaced glucose as sole carbon source to produce poly-b-hydroxybutyrate by a recombinant Escherichia coli strain (HMS174/pTZ18u-PHB). Also, the positive impact of fed-batch cultivation on PHB production was reported by Hameih et al., (2013). Strategies for fed-batch cultivation and PHB production by B. megaterium SW1-2 using two pulsed feeding processes.
Evaluation of factors affecting PHB production Optimization of PHB production by application of Plackett-Burman design
For optimization studies a series of 14 experiments, with two central points (3 and 13) having the same concentrations used in basal medium, were carried out to screen for the most significant variables affecting PHB production. As presented in Table 1 , ten crucial variables; covering biochemical and cultivation parameters were prescribed into 2 levels, coded -1, and +1. The design of the optimization experiment is given in Table 2 together with the experimental results (% CDW). Regression analysis was performed to fit the response function (PHB production) with the experimental data. Analysis of variance indicated that PHB production can be well described by a polynomial model with a relatively high coefficient of determination (R 2 = 0.93).
Y% yield= 27.99 -1.29X1 +7.34X2 +2.33X3 -1.51X4 -1.01X5 + 2.96X6 +9.56X7 + 0.77X8 -5.78X9 -5.69X10
One of the advantages of the Plackett-Burman design is to rank the effect of different variables on the measured response independent on its nature (either nutritional or physical factor) or sign (contributes positively or negatively) as in ( Figure 4A ). Ranking of factor estimates in a Pareto chart ( Figure 4B ) benefits in displays the magnitude of each factor estimate and is a convenient way to view the results of Plackett-Burman design (Strobel and Sullivan, 1999). It can be seen that, among those variables DEPS-II and inoculum concentration followed by KH2PO4 and (NH4)2SO4 found to be the most significant variables that encourage PHB production. Interestingly, Beaulieu et al. (1995) reported that the best growth and PHB production were obtained with ammonium sulfate and sugar cane molasses as the growth activator. Indeed, DEPS-II or date syrup-II (Fresh syrup) is more significant than DEPS-I (commercial syrup) as indicated by the lower p-value (0.05) ( Table 3 ). ., 1995) . On the other hand, agitation (RPM) and incubation period have highly negative effect on PHB production. While, other factors namely; DEPS-I, yeast extract and Na2HPO4 still showed negative effect. Interestingly, the presence of growth activators in fresh DEPS-II as well as the absence of any preservative materials may explain its positive effect in comparison with the commercial DEPS-I. Furthermore, higher content of growth activators in fresh date syrup or DEPS-II makes it suitable substitutes for yeast extract that showed negative effect. Results revealed that PHB production yield by B. megaterium SW1-2 was 53.6% CDW when cultivated on optimized medium developed by Plackett-Burman. Therefore, the statistical experimental design proved to be a powerful and useful tool for enhancing PHB production and confirm the necessity of the optimization process. In concordance with the obtained results in this work, enhanced PHB production by Lactobacillus acidophilus using statistical experimental design was reported by Hamieh et al., (2013). Interestingly, results reported in this study represent the first investigation on optimization of PHB production by application of statistical experimental design using date syrup or DEPS.
CONCLUSION
One of the most crucial variables affecting PHB production-economy is the nature of carbon source. B. megaterium SW1-2 stain exhibited nutritional versality in terms of varied growth and PHB accumulation during cultivatrion on different concentrations of the carbon-based agro-industrial wasts namely; date palm syrup (DEPS) or sugar cane molasses. PHB was successfully synthesized and intracellular accumulated in B. megaterium SW1-2 in presence of any of the used agro-industrial wastes as proven by FT-IR and NMR spectroscopy. Application of six different fed-batch cultivation strategies provides promising solution for nutritional limitation problems and clearly showed improved PHB production. Fed-batch cultivation recorded 6.87-fold increase in total amount of PHB produced after 96 h as compared with the amount produced under batch cultivation. Experimental design namely; Plackett-Burman proved to be a powerful and useful tool for enhancing PHB production (53.6% CDW). The use of cheaper carbon sources such as date syrup (DEPS) or sugar cane molasses rather than glucose or sucrose greatly lower process economy and increase promises for biotechnological production of PHB biopolymer on industrial scale.
